The Acaiaca Complex (AC) is located in southeastern Minas Gerais state, and comprises felsic, mafic, ultramafic, and aluminous granulites as well as lower grade gneisses and mylonites. The complex is distributed over an area of ca. 36 km by 6 km, surrounded by amphibolite facies gneisses of the Mantiqueira Complex (MC). The discrepancy in the metamorphic grade between both complexes led to the present study aiming to understand the metamorphic history of the AC by means of geothermobarometric calculations and electron microprobe Th-U-Pb monazite dating. Estimates of the metamorphic conditions of the granulites based on conventional geothermobarometry and THERMOCALC resulted in temperatures around 800 ºC and pressures between of 5.0 and 9.9 kbar and a retrometamorphic path characterized by near-isobaric cooling. Part of the granulites was affected by anatexis. The melting of felsic granulites resulted in the generation of pegmatites and two aluminous lithotypes. These are: i) garnet-sillimanite granulite with euhedral plagioclase and cordierite that show straight faces against quartz, and is the crystallization product of an anatectic melt, and ii) garnet-kyanite-cordierite granulite, which is probably the restite of anatexis, as indicated by textures and high magnesium contents. Th-U-Pb monazite geochronology of two granulite samples resulted in a metamorphic age around 2060 Ma, which is similar to the age of the MC registered in the literature. The similar Paleoproterozoic metamorphic ages of both complexes lead to the conclusion that the Acaiaca Complex may be the high grade metamorphic unit geochronologically related to the lower grade Mantiqueira Complex.
Introduction
The Acaiaca Complex (AC) is located near the town of Acaiaca in the central-southeastern region of Minas Gerais state (Figure 1 ). The granulites of the AC are distributed along a narrow strip within the amphibolite facies gneisses of the Mantiqueira Complex.
This strip (Figure 1 ) extends for at least 36 km in the north-south direction and has a width of about 6 km. The strip occurs in the central portion of the complex (Medeiros Júnior, 2009 ; Medeiros Júnior and Jordt-Evangelista, 2010). The identification and description of the AC by Jordt-Evangelista (1984 , 1985 and Jordt-Evangelista and Müller (1986a, 1986b) included ortho-derived mafic and felsic granulites, as well as paraderived kyanite-cordierite-biotite schists. Medeiros Junior and Jordt-Evangelista (2010) described para-derived granulites with garnet + sillimanite + quartz + plagioclase + biotite ± cordierite ± potassic feldspar, and a metaultramafic granulite composed of olivine and orthopyroxene. Lithotypes derived from sedimentary protoliths have not been described for the Mantiqueira Complex in the region. Metamorphic ages of 2085 to 2041 Ma were obtained by Noce et al. (2007) for the Mantiqueira Complex. The only age published for the AC to date is a Rb-Sr isochron of 1991 ± 42 Ma (Teixeira et al., 1987) , attributed to the granulite facies metamorphism of a felsic granulite.
The discrepancy in metamorphic grades between the Acaiaca and the Mantiqueira complexes, and the existence of lithotypes derived from sedimentary protoliths in the AC, led to the present study aiming to understand the metamorphic evolution of the AC. One of the objectives was also to establish whether the granulite facies metamorphism of the Acaiaca Complex was synchronous to the metamorphism of the Mantiqueira Complex by means of Th-U-Pb monazite chemical dating.
Figure 1
Geographic location and geological map of the studied region, modified from Baltazar and Raposo (1993) , with the areal distribution of the Acaiaca Complex proposed by Medeiros Junior and Jordt-Evangelista (2010).
Materials and methods
The study of selected lithotypes from the Acaiaca Complex was based on petrographic and microstructural characterization, mineral chemistry, geothermobarometric calculations and Th-U-Pb dating of metamorphic monazite using electron microprobe (EMP-monazite dating). Quantitative mineral analyses were obtained in the Laboratório de Microanálises at UFMG/ CDTN/CNEN using an electron microprobe JEOL JXA-8900RL, at 15 kV and a beam current of 20 nA. The geothermobarometric calculations for mafic and aluminous granulites were performed based on the mineral chemistry data obtained with the electron microprobe. The orthopyroxene-clinopyroxene (Kretz, 1982) , hornblende-plagioclase (Holland and Blundy, 1994) and garnet-cordierite (Bhattacharya et al., 1988) geothermometers were used for the estimates of temperature. The plagioclasegarnet-quartz-Al 2 SiO 5 geobarometer (Newton and Haselton, 1981; Koziol and Newton, 1988; Koziol, 1989 ) and garnet-cordierite-quartz-Al 2 SiO 5 geobarometer (Thompson, 1976; Holdaway and Lee, 1977; Wells, 1979) were used for the estimates of pressure. In addition, the conditions of temperature and pressure were calculated by means of the THERMOCALC software, version 3.33 (Powell and Holland, 1994) . Two granulite samples were selected for monazite geochronology. These are:
(1) RD01B, felsic granulite with mylonitic features, UTM 696197/ 7743095, and (2) R D02A, cordierite-bearing para-derived granulite, UTM 695520/7742163. Analyses of Th, U and Pb in monazite grains were performed at the Institut für Werkstoffwissenschaft, Freiberg/Germany, with an electron microprobe JEOL JXA-8900RL, using an acceleration voltage of 20 kV and a beam current of 150 nA. Counting times for the 5 µm-diameter beam were 320 s (Pb), 50 s (U) and 40 s (Th). Additionally, the elements La, Y, Ce, Pr, Sm, Nd, Gd, P, Si and Ca were measured. The calibration of PbO was carried out on vanadinite standard. A 5 wt% glass standard was used for calibration of U. The standard used during runs was the monazite Madmon, dated at 496 ± 9 Ma (U-Pb SHRIMP; Schulz et al., 2007) . This standard contains around 10 wt% ThO 2 and was used for offline re-calibration of ThO 2 and for data control. Orthophosphates of the Smithsonian Institution (Jarosewich and Boatner, 1991; Donovan et al., 2003) were used as standards for the Rare Earth Elements analyses. The monazite data for each sample was compared in the ThO 2 *-PbO diagram as mentioned in Suzuki et al. (1994) . This step allows the calculation of "in situ" monazite chemical age composed by several analyses, and regression is forced through zero (Montel et al., 1996) . The ages given by the slopes of the isochrones coincide with the weighted average ages with a 2σ error (Ludwig, 2001) . ThO 2 * is the sum of the measured ThO 2 plus ThO 2 equivalent to the measured UO 2 . Based on the recommendations of the International Union of Geological Sciences for the nomenclature of metamorphic rocks (Fettes and Desmons, 2007) , the studied samples are classified as felsic granulite, mafic granulite, ultramafic granulite and aluminous granulite. All these rocks, except the last one, show mineral associations typical of ortho-derived rocks. The aluminous rock types have mineral associations typical of pelitic protoliths. Other rock types found in the area of the AC are amphibolite facies biotite and/or hornblende-bearing quartz-feldspathic gneisses, amphibolites, meta-granites, pegmatites and diabase dykes. The pegmatites possibly represent anatectic portions of the granulites (Medeiros Junior, 2009; Medeiros Junior and Jordt-Evangelista, 2010) , while the diabases are younger (Figure 2) . Locally, the gneisses and also part of the granulites exhibit a mylonitic foliation NNE-SSW dipping 65ºSEE. The associated gneisses were probably derived from the granulites by lower grade metamorphism accompanying the deformation during exhumation. This relationship is indicated by thrust shear zones characterized by tectonic transport to the west. Felsic and mafic granulites often occur in centimeter to decimeter-wide alternating bands (Figure 2 ). The felsic granulites are comprised of biotite + plagioclase + quartz ± potassic feldspar ± garnet ± orthopyroxene. Biotite is reddish-brown to pale yellow and contains apatite and zircon inclusions. Plagioclase is oligoclase (An 20 -An 30 ) and often occurs as antiperthitic xenoblasts. Quartz occurs as xenoblastic grains with strong undulatory extinction (Figure 3a) . The potassic feldspar only shows Tartan twinning in strongly deformed portions. Orthopyroxene may be partially replaced by hornblende (Figure 3a) . Garnet occurs as porphyroblasts with quartz, biotite, and more rarely feldspar inclusions. Garnet is composed of 70 and 80% almandine component, 15 to 20% pyrope, while grossular and spessartite make up 5% each. Mafic granulites are constituted of orthopyroxene + clinopyroxene + plagioclase ± hornblende. Plagioclase has large compositional variation from andesine (An 40 ) to bytownite (An 87 ). It occurs as xenoblastic grains showing interlobate to polygonal contacts. Hornblende presents greenish-brown to dark green pleochroism and is characterized by color zoning (brown core and greenish edges, Figure 3b ). According to the classification of Leake et al. (1997) , this amphibole is classified as Mg-hornblende when (ANa + AK) <0.5, or edenite to Fe-pargasite when (ANa + AK) ≥0.5. Pyroxenes were often replaced by bluish-green hornblende along the border. Clinopyroxene is classified as diopside. The orthopyroxene composition varies between 32 and 67% of the enstatite component. It may be partially replaced by cummingtonite. Biotite is strongly pleochroic from red-brown to pale yellow. Garnet is a late metamorphic mineral, because it often occurs as coronas on pyroxene and plagioclase (Figure 3c ) or as symplectitic intergrowths with ilmenite. Garnet is more calcic and less rich in iron and magnesium, with almandine component around 60%, pyrope 16%, grossular 20% and spessartite 4%.
The harzburgitic ultramafic granulite consists mostly of olivine and orthopyroxene ( Figure 3d ) as granoblastic to poiquiloblastic grains reaching up to 2 cm. Orthopyroxene may be partially replaced by carbonate, talc, and anthophyllite. Pyroxene is magnesian, with the enstatite content around 90%. Olivine is forsterite (Fo 92 -Fo 96 ) and can display replacement by talc, anthophyllite and serpentine.
The aluminous granulites are derived from pelitic sedimentary rocks as indicated by the presence of Al 2 SiO 5 polymorphs. Based on the type of Al 2 SiO 5 polymorph and on textural aspects, the granulites can be grouped into garnet-sillimanite granulite and garnet-cordierite-kyanite schist. The first type presents a granoblastic texture and is made up of garnet + biotite + sillimanite + plagioclase + quartz ± potassic feldspar ± cordierite. The anhedral to subhedral plagioclase is oligoclase (An 21 -An 30 ) and can be antiperthitic. Quartz often exhibits strong undulatory extinction. Cordierite occurs as idioblastic grains exhibiting square sections ( Figure 3e ). Potassic feldspar is anhedral to subhedral and commonly microperthitic. Garnet constitutes xenoblastic to subidioblastic porphyroblasts with quartz, biotite and plagioclase inclusions. It is composed of 60 to 80% almandine component, 15 to 30% pyrope around 5% grossular and up to 4% spessartite. Both biotite and sillimanite are commonly rimming cordierite, feldspar and garnet. Biotite is reddish brown and may contain inclusions of rutile, zircon and apatite. Sillimanite usually occurs in the form of fibrolite intergrowth with biotite.
Petrography
The second type of aluminous granulite is a schist with microstructures indicative of disequilibrium, as shown by the partial replacement of an older generation of kyanite, plagioclase, garnet, quartz, biotite, and staurolite by poiquiloblasts of younger cordierite ( Figure 3f ). Staurolite is a minor mineral found as inclusions in garnet or surrounded by cordierite. Plagioclase is andesine (An 31 -An 43 ). Quartz has strong undulatory extinction. Biotite is weakly pleochroic in shades of light brown to colorless. It displays preferential orientation and contains rutile, zircon, monazite and apatite inclusions. Magnesium-rich chlorite is the product of the partial replacement of biotite and cordierite. Garnet occurs as xenoblastic to subidioblastic porphyroblasts that contain quartz, biotite, rutile, plagioclase, kyanite and staurolite inclusions. The chemical composition of garnet differs from that found in the garnet-sillimanite granulite in terms of the grossular component that reaches around 10%.
Figure 3
Photomicrographs of selected lithotypes of the Acaiaca Complex. a) felsic granulite with deformed quartz (Qtz) and orthopyroxene (Opx) partially replaced by hornblende (Hbl) (XPL). b) hornblende (Hbl) characterized by color zoning (brown core and greenish edges) in mafic granulite (PPL). c) mafic granulite with orthopyroxene (Opx) partially replaced by cummingtonite (Cum) and with garnet (Grt) as corona on pyroxene and plagioclase (Pl) (XPL). d) Harzburgitic ultramafic granulite displaying olivine grains (Ol), orthopyroxene (Opx) and partially replacement by anthophyllite (Amp) (XPL). e) Garnet-sillimanite granulite with nearly square section of cordierite (Crd) (XPL). f) Kyanite (Ky) surrounded by cordierite (Crd) in garnet-kyanite-cordierite schist (XPL). PPL: plane polarized light; XPL: crossed polarized light.
Geothermobarometry
The granulite facies mineral association plagioclase + orthopyroxene + clinopyroxene ± hornblende of the mafic granulites is characteristic of relatively low pressure conditions (De Ward, 1965) . The application of the orthopyroxene-clinopyroxene geothermometer (Kretz, 1982) resulted in temperatures up to 745°C, while the plagioclaseamphibole geothermometer (Holland & Blundy 1994) resulted in 848°C, assuming a pressure of 5 kbar. By means of the software THERMOCALC (Powell and Holland, 1994) , it was possible to calculate the temperature and pressure conditions most likely to have generated these rocks. The chemical data of the core of the mineral phases provided 768 ± 28°C and 9.9 ± 1.6 kbar. The rim data indicated 761 ± 28°C and 9.8 ± 1.5 kbar, both calculations considering a mole fraction of H 2 O of 0.1.
The mineral association that probably characterizes the peak of progressive metamorphism in the garnet-sillimanite granulite is given by garnet + plagioclase + quartz + sillimanite + biotite ± potassic feldspar ± cordierite. Calculations based on the garnet-cordierite geothermometer of Bhattacharya et al. (1988) resulted in temperatures around 694°C considering a pressure of 5 kbar. For estimation of the pressure conditions, two geobarometers were used, the garnet-sillimanitequartz-plagioclase (GASP) and the garnet-cordierite-quartz-Al 2 SiO 5 . The first resulted in a pressure of 4.9 kbar for the calibration of Newton and Haselton (1981) , 5.8 kbar for the Koziol and Newton (1988) and 6.7 kbar for the Koziol (1989) calibration, considering a temperature of 750°C. The geobarometer garnet-cordierite-quartz-Al 2 SiO 5 yielded, under the same conditions of temperature, relatively higher pressures of 7.1 kbar for the Thompson (1976) calibration, 8.3 kbar for the Holdaway and Lee (1977) , and 7.5 kbar for the Wells (1979) calibration. Calculations by the software THERMOCALC (Powell and Holland, 1994) for the core of the mineral phases of the main association resulted in 712 ± 79° C and 5.0 ± 0.7 kbar, assuming a molar fraction of H 2 O of 0.1. Conventional geothermobarometry provided lower temperatures of 630 -716°C (pressures of 4.9 -8.3 kbar) while THERMOCALC resulted in 712 ± 79ºC and 5 ± 0.7 kbar. The large errors for the results of THERMOCALC suggest disequilibrium during the retrometamorphic process. The geothermobarometric calculations for mafic and aluminous granulites were performed based on the mineral chemistry data shown in Tables 1, 2 and 3.
Electron microprobe monazite dating
The results of the EMP-dating of monazite from the two granulite samples are displayed on Table 4 . The monazite grains in both samples occur in the granoblastic matrix and less often also enclosed in garnet porphyroblasts. They have maximum lengths of 100 µm which allowed up to 6 single spot analyses within a grain. No significant graytone zonations were detected in the backscattered electron signals of the large grains. Systematic zonations from older cores to younger rims are absent.
The results revealed only one generation of monazite in both granulite samples. The weighted average ages of the matrix grains are 2063 ± 10 Ma for RD01B, and 2069 ± 15 Ma for RD02A (Figure 4) . Monazite enclosed in garnet displays slightly older ages than the bulk of the matrix grains, yielding 2077 ± 20 Ma (RD01B; 22 grains) and 2148 ± 48 (RD02A; 4 grains) thus suggesting that the garnet porphyroblasts are older than the matrix. Both groups of monazites belong to a single isochron (Figure 4 ).
Figure 4
Th-U-Pb model ages of monazites in the Acaiaca granulites. RD01B: ortho-derived felsic granulite; RD02A: cordierite-bearing para-derived granulite. Total PbO vs. ThO 2 * (wt%) isochron diagrams. ThO 2 * is ThO 2 + UO 2 equivalents expressed as ThO 2 . Abbreviations: Mnz=monazite, Grt=garnet. Madmon is the monazite standard used during runs (Schulz et al., 2007 Table 2 Chemical composition (weight %) of selected minerals in mafic granulite (samples 3B and 32) and their cationic distribution. Th* is calculated from Th and U after Suzuki et al. (1994) . Monazite ages from single analyses are given with 2 sigma error. mz is a monazite single grain; mz-g is monazite grain enclosed in garnet. Data from reference standard monazite Madmon (Schulz et al. 2007 ) is mean of 20 single analyses performed during sessions on the Acaiaca samples.
Discussion
In the mafic and some felsic rocks, the presence of orthopyroxene indicates metamorphic conditions of the granulite facies. However, part of the data obtained for the classic geothermometers resulted in temperature values consistent with the amphibolite facies. This is a consequence of the retrogressive process which accompanied the exhumation of the Acaiaca Complex that was followed by partial mylonitization and gneissification of the granulites. The most likely metamorphic conditions for the formation of mafic granulites were 768 ± 28°C and 9.9 ± 1.6 kbar. The mineral assemblage of granulite facies (orthopyroxene + clinopyroxene + plagioclase + hornblende) can be the result of reaction (1), which depicts the consumption of hornblende (Spear, 1995) . As this is a divariant equilibrium reaction, reactants and products can coexist as an assemblage within a range of temperatures. Blue-green hornblende, cummingtonite and garnet are mineral phases present in some samples of the mafic granulites, but are not in equilibrium with the main mineral association. Blue-green hornblende was generated at the expense of brownish hornblende and pyroxene. Cummingtonite replaces orthopyroxene (reaction 2, Spear, 1995) .
Garnet occurs as coronas around pyroxene and plagioclase or forming symplectites with ilmenite. The garnet coronas can be produced by reaction (3), while the garnet-ilmenite symplectites can be the product of reaction (4). According to Harley (1989) , reaction (3) may be indicative of a retrometamorphic trajectory characterized by near-isobaric cooling.
Orthopyroxene + plagioclase + quartz = garnet
The ultramafic granulite is composed of olivine + orthopyroxene. This mineral association can be generated at 670°C independently of the pressure conditions (Bucher and Frey, 1994) and is stable in all temperatures from the middle amphibolite to the granulite facies. Anthophyllite, chlorite, serpentine and talc occur as replacement products of olivine and pyroxene. The appearance of anthophyllite, talc and serpentine may be due to reactions (5), (6) and (7) The aluminous granulites are comprised of garnet + plagioclase + sillimanite + biotite + quartz ± potassic feldspar ± cordierite. According to White et al. (2007) , this association indicates temperature conditions exceeding 720°C and pressure up to 8.5 kbar. The geothermobarometric data obtained by means of conventional geothermometers and geobarometers resulted in relatively low temperatures of 630-716 °C and pressures ranging from 4.9 to 8.3 kbar.
Those obtained by THERMOCALC provided temperatures and pressures of 712 ± 79°C and 5.0 ± 0.7 kbar, consistent with the granulite facies metamorphism. The generation of the mineral association of this lithotype can be associated with the crystallization of melts generated by anatexis. According to the literature (e.g. Vernon and Johnson, 2000; Johnson et al., 2001; Marchildon and Brown, 2003; Vernon et al., 2003; Vernon and Clarke, 2008 ) the occurrence of well-formed cordierite and plagioclase as found in this rock type (Figure 3d ) is indicative of this process. Reaction (8) is a discontinuous reaction in the KFMASH-system at temperatures around 750ºC and with melt generation at the costs of biotite dehydration in the absence of fluid (Spear et al., 1999) . Reaction (9) in the CNKF-MASH system is a variation of reaction (8) that considers the generation of melt in the presence of plagioclase (Johnson et al., 2001) .
Biotite + quartz + Al 2 SiO 5 = garnet + cordierite + potassic feldspar + liquid Biotite + plagioclase1 + Al 2 SiO 5 + quartz = garnet + cordierite + plagioclase2 + potassic feldspar + liquid
The garnet-kyanite-cordierite schist consists of a mineral association that is not in equilibrium, as indicated by the symplectitic intergrowths of cordierite with quartz and the replacement of staurolite, garnet, and kyanite by cordierite. The oldest mineral assemblage is typical of the amphibolite facies and consists of biotite + kyanite + staurolite + garnet + plagioclase + quartz. A younger generation of cordierite is partially replacing the previous minerals. According to Jordt-Evangelista (1984 , 1985 ) the appearance of cordierite in these rocks marks the transition of the amphibolite facies to the granulite facies. According to Holdaway and Lee (1977) and Bucher and Frey (1994) , rocks rich in minerals such as garnet, cordierite, calcic plagioclase and free of potassic feldspar may represent an anatectic restite. The garnet-kyanite-cordierite granulite is more magnesian (8.9 to 11.5 wt% of MgO) than the garnet-sillimanite granulite (0.8 to 3.1 wt% MgO) (Medeiros Junior and Jordt-Evangelista, 2010) . The compositional and mineralogical difference between the two types of aluminous granulites, especially regarding the MgO content, support the interpretation that an anatectic process occurred during the granulite facies metamorphism of the aluminous granulites. The Mg-rich garnet-kyanite-cordierite schist could be the restite and the Mg-poor garnetsillimanite granulite could be the product of the crystallization of the melt as also indicated by the well-formed cordierite and plagioclase crystals.
Conclusions
The Acaiaca Complex records a metamorphic event of granulite facies characterized by temperatures near to 800°C and pressure conditions between 5.0 and 9.9 kbar that generated felsic, mafic, ultramafic and aluminous granulites. Both the felsic and the aluminous granulites were submitted to anatectic processes during the granulite facies metamorphism. The partial melting of felsic granulites resulted in pegmatites of granitic composition (Figure 2) . Anatexis of aluminous granulites gave rise to garnet-kyanite-cordierite schist as restite and sillimanite-garnet granulite as the product of the melt crystallization. Minerals such as staurolite, belonging to the oldest association of lower metamorphic grade, are occasionally preserved during the progressive metamorphism. The retrometamorphic path is characterized by a near-isobaric cooling. The gneissification of part of granulites is the last metamorphic record possibly related to the exhumation of the AC.
The age of granulite facies metamorphic event was established by Th-U-Pb monazite geochronology. Both ortho and a para-derived dated granulite samples display an age of around 2060 Ma, similar to the age mentioned by Noce et al. (2007) for the Mantiqueira Complex metamorphism (2085 -2041 Ma). Thus, it is possible to state that the Acaiaca Complex is a high grade metamorphic unit geochronologically related to the Mantiqueira Complex. 
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